Abstract. We propose an integrated structure that combines chip and fiber array blocks for optical interconnection with a polymeric planar lightwave circuit (PLC) device using the roll-to-roll imprint process. The fiber array blocks and PLC chip of the integrated structure are fabricated on the same substrate, and the alignments in the three spatial directions were established with the insertion of an optical fiber. The characteristics of the integrated structure were evaluated by fabricating a 1 × 2 optical splitter device. The structure had an insertion loss of 3.9 dB, and the optical uniformity of the channel was 0.1 dB, indicating that the same performance for an active alignment can be expected.
Integrated optical interconnection for polymeric planar lightwave circuit device using roll-to-roll ultraviolet imprint 
Introduction
Numerous studies have shown that planar lightwave circuit (PLC) devices have a low transmission loss and provide high speed data transmission of optical communications. 1, 2 Advances in polymeric PLC device technology have culminated in the development of devices with the same performance as silica PLC devices, indicating that polymeric PLC devices could replace silica PLC devices in the future. 2, 3 Compared to silica PLC devices, polymeric PLC devices are easier and quicker to produce, which benefits productivity. 2, 3 Unlike other waveguide materials, polymers can be directly deposited on any kind of flat or curved substrate. 4 Tailored polymer materials also offer a high structural flexibility through different combinations of monomers, and accurate control of refractive indices and materials' properties can be obtained. 4 The low-temperature fabrication process of polymer waveguides offers the designer a large degree of freedom. Furthermore, polymeric materials permit the mass production of low-cost high-port-count photonic circuits in parallel on planar substrates, as well as providing the possibility for a much higher degree of ruggedness. 4, 5 Polymeric PLC devices can be mass produced using a simple process such as continuous roll-to-roll (R2R) imprinting to reduce costs. 6, 7 R2R imprinting uses a flexible substrate for continuity and forms the shape of the device using a roll stamp. 7 The structure fabricated using R2R imprinting is then connected with an optical fiber to form the polymeric PLC device. Precision of the optical interconnection and bonding are essential elements for ensuring a low coupling loss and high-efficiency devices. 1, 6 Conventionally, fiber array blocks are used to align the optical fiber, which is then interconnected to the PLC chip. The fiber array blocks and PLC chip are typically fabricated separately, and high-precision alignment is necessary for bonding the PLC chip core and fiber core 6 by curing an epoxy resin using ultraviolet (UV) light. To stabilize the bonding, the PLC-chip-fiber-block interface must be coupled to a certain degree, and deformation caused by shrinkage should be controlled during the UV hardening to minimize misalignment. 3, 8 However, because the R2R process uses a flexible substrate, shrinkage of the polymeric PLC chip area is likely to occur and core alignment problems arise, thus increasing the coupling loss in the optical interconnection. Moreover, thin flexible substrates may result in adhesion problems in the bonding area. These problems suggest that a new optical interconnection method may be needed.
Here, we propose an integrated structure combining chip and fiber array blocks for the optical interconnection of polymeric PLC devices fabricated using R2R imprinting. The characteristics and effectiveness of the design are discussed.
Integrated Optical Interconnection Design
The optical interconnection in the proposed integrated structure was designed to control the coupling loss generated by the misalignment of the polymeric PLC chip and fiber array blocks. The design was also optimized to facilitate R2R imprinting. The misalignment of the chip and fiber array blocks includes contributions from lateral offsets (X) in the x-, y-, and z-directions, endface separation (Z) of the PLC chip and optical fiber, and angular misalignment (θ) of the PLC chip [ Fig. 1(a) ]. The alignment has a direct effect on the performance of the PLC device.
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The integrated structure was designed so that the polymeric PLC chip and fiber array blocks were fabricated on the same substrate, as shown in Fig. 1(b) , to solve the alignment and the bonding problems. The structure has a minimized extrinsic error and thus a reduced coupling loss. The centers of both the PLC core and the fiber core were positioned along the same axis for optical interconnection of the multimode optical splitter and multimode fiber; alignment was simply achieved with the insertion of the fiber. The fiber array blocks were 125-μm wide and 87.5-μm thick, whereas the PLC chip was 50-μm wide and 50-μm thick. A scribing process was used for the PLC chip and fiber contact surfaces. The integrated structure also includes a semiembedded fiber whose fiber axis was 25 μm below the top surface of the substrate to ensure alignment with the PLC chip. The semiembedded fiber minimizes defects introduced from incomplete filling due to the short rolling time of the roll stamp and fast processing speed of the R2R imprinting.
3 Fabrication of the Roll Stamp and Integrated Structure Figure 2 (a) shows the roll stamp used in the R2R imprinting process to fabricate the integrated structure. Since the widths and thicknesses of the PLC chip and fiber array blocks were different, the structure was fabricated using a multiple exposure patterning process with an SU-8 (Microchem Co., Newton, Massachusetts; SU-8 2075, 2025) negative photoresist (PR). The first spin coating and exposure process was executed using SU-8 2025 to fabricate the PLC chip, followed by another spin coating and exposure process to fabricate the fiber block. A 50-μm-thick layer of SU-8 2075 was spin coated on the structure at 4500 rpm, and then a 37.5-μm-thick layer of SU-8 2025 was spin coated at 2800 rpm to obtain a final PR thickness of 87.5 μm. After the second exposure, the integrated interconnection structure was fabricated by developing, UV molding, and electroforming, which yielded the final embossed Ni stamp. The fabricated Ni stamp [ Fig. 2(b) ] was then attached to the roll cylinder for the R2R imprint. The fabricated PLC chip was 49.5-μm wide and 49.8-μm thick, and the final fiber array blocks were 125.3-μm wide and 87.5-μm thick. The dimensions of the fabricated structure were accurate to within 1% of those of the designed structure.
4 Effects of R2R Imprint Parameters on the Fabrication of the Integrated Structure Because of the short forming speed and small area that is pressed in the R2R imprinting, defects in the integrated structure are more likely to appear in the height rather than the width.
9,10 Therefore, the height characteristics for various roll pressures and web speeds, which are direct variables of the depth formation accuracy, were studied (Fig. 3) ; the other variables remained fixed during the tests. We see that process conditions for the precise formation of the PLC chip and fiber array blocks, which have different depths, can be determined. Figure 3 (a) reveals that the roll-pressure formation condition was 35 kgf∕cm 2 . When the roll pressure was higher Fig. 2 (a) Steps in the manufacture of the roll stamp for the integrated structure, and (b) scanning electron microscope (SEM) images of the integrated Ni mold.
Optical Engineering 086101-3 August 2014 • Vol. 53 (8) than the formation condition, the height of the integrated structure decreased because there was an excess of polymeric resin. Figure 3(b) shows that if the web speed is too high, then the filling is incomplete because the polymeric resin and the roll stamp are pressed onto the film substrate for a short time. The height starts to decrease for web speeds greater than 4 mm∕s, so this was selected as the formation condition. Although a reduction in the web speed improves the accuracy of the pattern formation, longer processing times are needed. Figure 4 shows scanning electron microscope images of the integrated structure fabricated at the optimal process condition of a 35-kgf∕cm 2 roll pressure and 4-mm∕s web speed.
Results and Discussion
An integrated polymeric PLC device was fabricated by core filling the pattern fabricated with the R2R process and by inserting a fiber. A lamination process was used for the core resin filling and top cladding, and the fiber and PLC chip were then interconnected through the scribing process. To avoid overfilling in the fiber insertion zone of the core of PLC chip, the fiber array block patterns were connected. Figure 5 (a) shows the steps involved in the optical interconnection process, and Fig. 5(b) shows the fiber bonding zone and cross section of the PLC chip of the fabricated integrated polymeric PLC device. Figure 6 shows the insertion loss of the proposed integrated polymeric PLC device. In the case of conventional active alignment, the insertion loss was around 3.8 dB, and the uniformity of the optical splitter was less than or equal to 0.1 dB. For the alignment of the proposed structure, the insertion loss was around 3.9 dB, but the uniformity of the optical splitter was the same (0.1 dB or less). The insertion loss and the uniformity of a 1 × 2 optical splitter device must satisfy the Bellcore criterion (GR-1209-CORE), i.e., an insertion loss of 4.2 dB and an optical uniformity of 0.6 dB. The proposed structure satisfies the criterion and can thus be used for practical optical interconnection. 
Conclusion
We have developed an integrated structure to minimize the coupling loss generated by misalignment between the PLC chip and the fiber array blocks in creating an optical interconnection. The integrated structure was fabricated using R2R imprinting, and the central axes of the fiber array blocks and the PLC chip were aligned in all three spatial directions on the same substrate by the insertion of a fiber. The processing conditions for R2R imprinting were optimized, and the fabricated optical splitter device had an insertion loss of 3.9 dB and an optical uniformity of 0.1 dB. The proposed integrated optical interconnection structure does not require special alignment equipment and can be applied to practical PLC devices. 
